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Abstract of Thesis

Coal workers pneumoconiosis (CWP), commonly referred to as black lung, is a chronic
lung disease that results from the inhalation and deposition of coal dust in the lungs.
While this disease continues to afflict coal miners, its prevalence has steadily declined
over three decades since 1970. Based on a voluntary X-ray surveillance program,
conducted by the National Institute for Occupational Safety and Health (NIOSH), this
downward trend, however, ended in 2000 and has actually begun to rise. The Mine Safety
and Health Administration (MSHA) instituted a Comprehensive Initiative to ”End Black
Lung” to combat the reported upturn in black lung disease. Rulemaking, with the intent of
strengthening respirable dust regulations, is a major part of this initiative. This thesis
addresses a controversial aspect of the newly proposed rules single-shift compliance
sampling.
Establishing new requirements for respirable dust compliance requires an understanding
of both the accuracy and variability of measurements. Measurement variability is
especially important in underground mining where the workplace is constantly moving
and ventilation controls are continually changing. The results of a ventilation study
performed in three underground coal mines are presented in this thesis. A total of 600
dust-concentration measurements were obtained in this study using Continuous Personal
Dust Monitors (CPDMs). The data was analyzed to determine the variability associated
with taking dust measurements in the mining workplace. The Johnson transformation was
found to produce the best-fit distribution model for the data. This thesis summarizes the
results of this study and presents a statistical procedure for establishing an exposure limit.
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Chapter 1
Introduction
Respirable coal mine dust can lead to lung diseases such as coal workers’ pneumoconiosis (CWP),
emphysema, silicosis, and bronchitis - known collectively as ”black lung”. Lung damage, permanent disability, and even death can result from the severity of black lung. This disease can be
prevented, but can not be cured. Therefore, it is essential to undertake important and potentially
life-saving measures to reduce exposure to respirable coal mine dust, and to prevent diseases. According to chest x-ray surveillance of miners conducted by National Institute of Occupational Safety
and Health (NIOSH), new cases of black lung continue to occur among American coal miners, even
in younger miners [1].
According to the International Standardization Organization (ISO 4225- ISO, 1994) ”Dust:
small solid particles, conventionally taken as those particles below 75µm in diameter, which settle out under their own weight but which may remain suspended for some time”. Usually the small
particles are conveyed by the air and have the ability to penetrate and deposit at different sites of the
respiratory tract. The airborne particles are usually inhaled through the mouth or the nose. When
a person inhales through the nose, dust particles are deposited in the nose by filtration by the nasal
hairs and impaction and there the airflow can take different paths. In majority incidents, nasal route
has less deposition of particles compared to the oral breathing particularly in low and moderate flow
rates. The airborne dust particle size is being measured in aerodynamic equivalent diameter known
as AED. It is measured in microns (10−6 m). The aerodynamic equivalent diameter of a particle is
the diameter of a unit density sphere that would have the identical settling velocity as the particle.
The particle aerodynamic diameter play role in [2]:
• The possibility of dusts being airborne and the period of being active in that state
• The possiblity of being inhaled by the employee
• The process of deposition in the respiratory tract
1

Airborne coal dust particles can be of three types according to particle size [9]:
• Inhalable fraction (less than 100 micron AED)
• Thoracic fraction (less than 25 micron AED)
• Respirable fraction (less than 10 micron AED)
The respirable fraction of the coal dust can reach the lungs and leads to the development of
CWP. Respirable dust is invisible even if the other fractions of dust particles are visible. If the dust
particles are not too extreme in shape, they are deposited by different processes such as diffusion,
sedimentation, and impaction. These processes take into effect depending on the aerodynamic characteristics of the particles, the anatomy of the lung, and the lung ventilation rate. The respirable
dust particles are insoluble and penetrate into the respiratory region of the lung and accumulate
there [17], and their deposition in respiratory tract is presented in figure 1.1.

Figure 1.1: Regional Particle Deposition [9]
A formal definition of respirable fraction is being introduced by Los Alamos group [15] is
presented in table 1.1:
The probability of a particle penetrating deep into the respiratory tract increases if the aerodynamic equivalent diameter gets smaller. Particles with an aerodynamic diameter is >10 µm hardly
can reach the gas-exchange region of the lung, but when it is <10 µm, the proportion reaching
2

Table 1.1: Formal definition of respirable fraction adopted by the Los Alamos group
Aerodynamic Equivalent Diameter, µm

Respirable Fraction

2.0

1.0

2.5

0.75

3.5

0.50

5.0

0.25

10.0

0

the gas exchange region increases down to about 2 µm. Health effects caused by the exposure to
respirable dust are likely to become prominent after a long-term exposure; this is normally common with pneumoconiosis. Pneumoconiosis is caused by the accumulation of dust particles in the
lungs and tissue reaction to its (dust) presence. The disease may appear even after exposure to dust
ended, thus the development of this disease can be overlooked, or wrongly attributed to other events.
However, the disease can appear even after short-term exposure [2].
Coal is a combustible, carbonaceous, sedimentary rock that is built by the aggregation, compaction, and physical and chemical alteration of vegetation. Coal varies according to type, grade
and rank. Coal mine dust is composed of different elements and their oxides. The mineral content
differs with the particle size of the dust and coal seam type. The plant material from which the coal
originated defines the type of coal. The grade of coal relates to the amount of inorganic material
(including ash and sulfur) remains after the coal is being burned. The rank of coal indicates the
metamorphic properties and attempts to correlate to the geological age of the coal or geological
pattern. Coals are classified into three types according to ranks [3].
1. High rank coal (91% to 95% carbon): Anthracite and semianthracite coal
2. Intermediate coal (76% to 90% carbon): Bituminous and sub-bituminous coal
3. Low rank coal (65% to 75% carbon): Lignite coal
Epidemiological studies found that miners have an increased risk of developing occupational
respiratory diseases when they are exposed to respirable coal mine dust during their operating lifetime at the current permissible exposure limit of 2.0 mg/m3 , when quartz content is 5%. The exposure limit of 1.0 mg/m3 is being proposed, considering the aspects of health effects, sampling
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method, and analytical and technological procedure, in order to reduce the probability of diseases.
However, the reduction in limits does not ensure that miners will have a zero risk of developing
occupational respiratory disease [3]. High rank coal areas appear to be at higher risk of CWP
than low and medium rank coal. The relationship of the coal rank with the occurrence of CWP is
demonstrated in figure 1.2. In addition to the effect of coal rank, the age of the miners also has a
relationship with the occurrence CWP which is described in figure 1.4.

Figure 1.2: Prevalence Coal Workers’ Pneumoconiosis (CWP) with the Coal Ranks [6]
Extensive research conducted by NIOSH provided substantial information about the extent and
severity of respiratory disease caused by respirable coal mine dust, its quantitative relationship
with dust exposure, health problems related to it, environmental patterns of relevant exposures, and
methodologies for assessing these variables. Apart from the significant impact of CWP in the U.S.
and other countries, additional lung diseases like chronic obstructive pulmonary disease (COPD)
have become a matter of high concern. A graph was developed from research conducted in the
coal mines from US, UK and Germany, where the prevalence of CWP was presented from 1969 to
1995. From the available information it was found that in 1995, CWP was in decline in the US, with
downward prevalence in all tenure groups. The 1969 Coal Mine Act played a great role to reduce
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the risks related to respirable coal dust which is apparent from figure 1.3 [6]. Since 1995, it has
become progressively more apparent that the observed prevalence rate of CWP is increasing instead
of decreasing, unlike the time period between 1969 and 1995. This was published on different
occasions, and one of them is in 1.4.

Figure 1.3: Prevalence of CWP category 1 or greater from the NIOSH Coal Workers X-ray Program
from 19701995, by tenure in coal mining [6]
In figure 1.4, the category 1/0+ means greater than category 1, and a particular miner has cumulative dust exposure of 115 mg.years/m3 in this stage [20]. The CWP is classified into three major
categories such as 1, 2 and 3.
Therefore, it has become compulsory to review the previous standard and compliance sampling
procedure. According to the results found in the reports of 2006 and 2007, several reasons regarding
the increase in the occurrence of severe CWP were found as: 1) lack of adequacies in the enforced
coal dust regulations; 2) limited applications of the regulations; 3) mismatch of disease prevention
strategies with mining practices; and 4) miners did not pass through medical surveillance and no
pre-emptive actions to reduce exposure to respirable dust; 5) miners working more than stipulated
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Figure 1.4: Prevalence of CWP (1970-2006) from NIOSH X-ray Program [22]
time period; 6) being probably exposed to thinner seams of coal, excessive exposure to crystalline
silica; and 7) inadequate education and resources about dust control [6].
Usually the long-term mean is of interest in an occupational exposure study to identify the
problems related to an exposure group. According to the current Federal standard, coal mine dust
levels in the work environment must not exceed 2 mg/m3 for any 8-hr work shift. A periodic method
to audit compliance using this standard and to assess the applicability of mines dust control plan is
being used by the Mine Safety and Health Administration (MSHA). Under the current dust control
procedure, MSHA depends basically on the implementation of a well-designed dust control plan but
not on the monitoring of individual shifts to prevent overexposures. The periodic method of audit
and plan investigation remains more or less same with regards to different samples. This standard
needs to be reviewed again since it was found more than 1,000 annual deaths attributed to CWP in
U.S. coal mines [4].
In order to create reasonable deterrence for the occurrence of CWP, it is important to review or
reduce the exposure limit. On October 19, 2010, MSHA published a proposed rule in the Federal
Register entitled, ”Lowering Miners’ Exposure to Respirable Coal Mine Dust, Including Continuous
Personal Dust Monitors”, where it was demanded to reduce the exposure limit from 2.0 mg/m3 to
1.0 mg/m3 . Under this regulation, if any incidents of exposure exceed the Excessive Concentration
Volume (ECV) which is 1.13 mg/m3 for this case, then the company will get a citation. The ECV
was calculated based on the measurement error variability in order to be 95% confident that the
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dust exposure has actually exceeded the permissible limit. There are some significant differences
between the current standard and proposed standard. More about the regulations is described in the
next section.
The use of a new sampling device, the Personal Dust Monitor (PDM), is being introduced in the
proposed standard. This is a real-time monitoring device and provides better performance than the
existing device, a gravimetric sampler. The PDM fulfills the requirements of the proposed single
shift compliance sampling method because miner can monitor the incidents of overexposures all the
time and take necessary actions. The PDM was being used throughout the study to collect samples
of dust measurements from three different mines. The collected dust measurements were further
analyzed to obtain the variability of dust exposure, recommended limits, etc.
Johnson transformation was used to characterize the dust exposure data. After applying the
transformation in the data using Johnson transformation equation, the data followed a normal distribution. The central limit theorem was applied on the transformed data to find out the confidence
upper bounds and exceedance fractions (probability of exceeding the permissible limit). The confidence upper bounds were converted to real exposure using inverse transform. A detailed analysis
on the exposure data characterization is provided on the coming sections.
Relative standard deviation which is actually standard deviation divided by the mean, were also
used to determine the variability in dust exposure among different mines. Apart from that, the
production rate can have a relationship with the dust generation. However, sometimes there might
be no such relationship between production rate and dust exposure.
This study presents an assessment method of dust exposure and provides confidence upper
bounds, recommended limits and mean exposures. In the analyses, the collected dust exposure
measurements from three different mines were analyzed with statistical approaches. The obtained
results were presented in graphical forms and accuracy of the model was checked by sorting the
exposure data. Several recommended exposure limits were proposed based on the sample size and
the number of mines. Finally, an overall criteria is presented that can be applied in the occupational
setting.
In this thesis, the first section is dedicated for the background information on CWP, dust standard
and data characterization. The second section describes the review of literature regarding respirable
coal dust exposure study. In the third section, measuring instruments and exposure reading are

7

described, while the fourth section describes the analysis and results. In the fifth and sixth section,
there are discussion and conclusion respectively.
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Chapter 2
Background Information
2.1
2.1.1

Review of Literature
Introduction

This section presents previous studies conducted for the respirable coal dust exposure and underlying statistical backgrounds of them. Different techniques and approaches are applied depending
on the nature and behavior of the dust exposure. A thorough understanding of previous research
conducted in this area can provide a fruitful insight for the dust exposure study. The occupational
exposure study is a very well-researched area in industrial hygiene and safety. Measurements of
exposure were taken in a laboratory setting or an in-mine setting. The variability of exposure has
a significant role in formulating the exposure assessment strategy, and in exposure-disease relationship.

2.1.2

Variability of Dust Exposure and Exposure-Disease Relationship

A study performed on evaluation exposure to Nitrous Oxides by Srdjan and others in 1999 discussed
about the variability associated with exposure. It took 114 random temporal measurements covering
three shifts during six consecutive days. The determination of true exposure according to scientific
methods is difficult for reasons such as: (a) limitations to measurement technology, (b) profile
of daily exposure is significantly different from day to day, (c) degree of ventilation, (d) work
practices, etc. In the industrial environments, the exposure values can only be ≥ 0. To evaluate the
exposure to Nitrous Oxides they determined geometric mean and geometric standard deviation in
order to calculate the confidence interval (CI) around the mean exposure. The distribution of the
data was skewed and the geometric mean was always smaller than the arithmetic mean. Therefore,
a lognormal distribution was found to better fit the data and the confidence limits were calculated
[8].
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There are two general strategies used to assess occupational exposure. First, a particular shiftlong measurement can exceed the permissible limit value. Second, long term mean exposure is
compared with the permissible limit. The exposure-disease relationship can determine which strategy will be more applicable. Considering the biological impacts, the exposure-response relationship
is a function with variables such as exposure, burden, damage, and risk. It is essential to understand
the interactions among these variables if the risk of chronic disease is related to the variability
in dust exposure. There are two types of phenomenon can exist in this exposure-response relationship. First, the variability in exposure can have a proportional relationship with burden and
damage throughout the working period, and burden and damage follows a linear relationship. Second, during the period of high exposure, the relationship between burden and damage is non-linear.
However, there are few chronic diseases that satisfy both of these phenomenons. Even in those
few cases damage occurs when certain limit is exceeded; the maximum risk can still be related to
continued exposure i.e. mean exposure throughout a working period [16; 25]. According to medical
observations, after a continued exposure to respirable coal mine dust, physical changes are seen on
chest x-ray of miners. Therefore, it can be said that having a mean exposure below the standard
might reduce the occurrence of the CWP. However, averaging procedure undermines incidents of
overexposure and if it is a major problem, then measuring exposure at every single shift can lead
to greater benefits. However, methods used in order to evaluate variability in dust exposure should
have sufficient statistical grounds.

2.1.3

Evaluation of Dust Exposure Profile

From the collected sample measurements, predictive values can be obtained in order to evaluate
risks associated with respirable coal dust exposure. Generally, the mean exposure (averaged over n
days) and the exceedance fraction (calculated from n measurements) are two important parameters
in compliance sampling. For a certain period of time, for example six months to a year, the mean
exposure is often used as an estimate of the long-term mean exposure, or the true average exposure, for an employee or group of employees. The exceedance fraction is defined as the fraction of
exposure measurements that exceed the established standard, usually a permissible exposure limit
(PEL), over this same interval. In order to estimate the confidence interval of the true mean dust
exposure, Lands procedure, modified Cox procedure, computer simulation method, etc. are very
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common. These procedures have advantages such as: (1) they are easy to use, (2) they result in a
good estimates for the 95% confidence interval to determine the acceptability of a work environment, (3) the amount of error in determining the confidence interval can be calculated, and (4) LCL
(Lower Confidence Limit) and UCL (Upper Confidence Limit) can be used for hypothesis testing
purposes where a certain exposure value can be tested and results from the test can be presented
for advanced study [12; 29]. However, these techniques require data to be lognormal or any other
well-konwn distributions.
The confidence limits provide an insight into the precision of the statistic or point estimate of
the true population parameters. The 95% confidence limits for the mean dust exposure can be used
to classify the measured exposure into one of the following four categories [7]:
• If the measured mean exposure is below the standard such as PEL 1.00 mg/m3 or ECV (1.13
mg/m3 ) and the UCL also does not exceed the standard, with 95% confidence it can be said
that the employer is in compliance.
• If the measured mean exposure is above the PEL and the LCL of calculated mean exposure
also exceeds the PEL, with 95% confidence it can be said that the employer is in noncompliance and a violation is established.
• If the measured mean exposure does not exceed the PEL, but the UCL of that exposure does
exceed the PEL, it cannot be said with 95% confidence that the employer is in compliance.
Similarly, when the mean exposure exceeds the PEL and the LCL of that exposure is below
the PEL, it is not possible to be 95% confident that the employer is in noncompliance. In this
two cases, the dust exposure can be termed as ”possible overexposure”.
• If the calculated exposure is in the ”possible overexposure” region, the exposure is not completely violated. It can be stated that closer the LCL comes to exceeding the PEL, it becomes
more likely that the employer might be in noncompliance.

2.1.4

Review of Previous Statistical Study

In 1991, between July 15 and October 30, a special study was conducted in U.S. underground coal
mines to evaluate the MSHA health enforcement programs. In order to achieve the objectives of the
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study, occupational exposures to respirable coal mine dust concentration and quartz percentage were
measured. Information was also gathered on methods being used to control dust, and the data were
analyzed to determine their influence as well as the influence of production rate on respirable dust
exposure. Investigation found that 89 percent of the occupational exposure was less than 2.0 mg/m3 .
The dust exposure varied in different locations and was highest near the coal cutting face. The
percentage of sample exposure greater than the standard was determined for each of the locations
[28]. Therefore the study was mainly about determining the amount of dust concentration, rather
than getting deeper into the recommended exposure limits.
Table 2.1: Occupational Exposures on Continuous Mining Operations Not Advancing Greater Than
20 Feet [28]
Number of
Samples

Average
(mg/m3 )

Percent Greater
Than 2.0 mg/m3

Percent Greater
Than 2.5 mg/m3

Continuous miner operator

350

1.6

21

14

Continuous miner helper

142

1.4

23

13

Roof bolter (twin head)
intake side

101

1

7

3

Other roof bolter

356

1.3

18

11

Roof bolter helper

32

1.4

22

9

Section foreman

40

0.9

10

8

Electrician

20

0.5

0

0

Shuttle car operator (standard side)

295

0.7

5

4

Shuttle car operator (off
standard side)

204

0.8

6

3

Stoop car operator

91

0.8

8

5

31

0.4

0

0

Mobile bridge operator

39

0.9

10

8

Utility man

62

0.6

2

0

Occupation

Tractor
tor/motorman

opera-

The same study also determined the amount of quartz in different locations of conventional
mining operations. As with the dust, the amount of quartz varied. Occupational exposures on
continuous and conventional mining operations appeared not to be related to the production rate of
the coal [28].
12

A recent study was performed in three coal mines in South Africa to calculate respirable coal
mine dust level in different places within the mine. Job histories and exposure information were
obtained from a sample of 684 current miners and 188 ex-miners. Linear models were developed
to estimate exposure levels associated with work in each mine, exposure zone, and over time using
a combination of operator-collected historical data and investigator collected samples. The estimated levels were then combined with work history information to calculate cumulative exposure
metrics. In order to describe the dust sampling data collected by the research team and historical
data, statistical models were developed to provide estimates of dust levels in various categories. The
investigator-collected dust concentrations fit the lognormal distribution. The dependent variable was
this natural logarithm while the independent variables were different mines and zones of the mine.
Linear regression techniques with different independent variables and multivariate analysis were
used to compare dust among different mines and zones [21]. Due to recent increase in the number
of miners affected by ”Black Lung”, the compliance authority intends to reduce the permissible
limit.
A study conducted over1369 German coal miners in order to investigate the occurrence of CWP
for time period between 1974 and 1998 provided some interesting results. The permissible dust
exposure limit was lowered from 13 mg/m3 in 1974 to 8 mg/m3 in 1992 and the personal long-term
dust limit was lowered from 10 to 4 mg/m3 (considering an year long exposure). Under German
law each miner has to undergo a medical examination such chest X-ray after every ≈2yr work
underground. A total of 13569 chest radiographs were available and each of them was evaluated by
at least two physicians according to the International Labor Organization (ILO) 1980 classification
of radiographs. This types of prevention measures brought good results. In two coal mines where
the study was performed, mean respirable coal mine dust concentrations (stationary) decreased
from 2.5 mg/m3 in 1975 to 1.5 mg/m3 in 1998. There was no new case of definite CWP while it
was significantly high before 1974 [18].

2.1.5

Data Characterization

Practical measurements are essential in oder to evaluate the exposure profile of respirable dust.
Statisticians often have difficulty summarizing data by means of a mathematical function which
fits with the data and to obtain estimates of percentiles. In general, statisticians have insufficient
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theoretical grounds to choose a model like normal, lognormal, gamma, or extreme-value distribution for real world data set. After obtaining data, the statisticians are required to draw conclusions
concerning the phenomenon under the study using empirical methods. The fitting of data has been
researched enough before and the most common is the normal distribution. Other types of parametric distributions used are gamma, log-normal, beta, etc. The statistical distributions are generally
two types: parametric or non-parametric. Parametric distributions are based on some assumptions
with a known probability distribution function, such as the lognormal or normal distribution. Nonparametric distributions are not based on any assumptions and do not have any distribution function
[11].
A study conducted by Paul Hewett in 2001 discussed various factors of the data analysis and
interpretation in industrial hygiene assessment. It presented the importance of characterizing the
exposure profile accurately and routinely since exposure monitoring programs tend to be designed
and tailored for different working conditions. The data analysis technique was mainly categorized
in two types such as parametric and non-parametric. Several conditions were imposed such as
(a) stability of the exposure, (b) independent data, (c) lognormality assumption. With different
established method, the procedures to calculate the confidence intervals and exceedance fractions
when these conditions are met were presented. This study stated that when lognormality assumption
is violated, non-parametric procedure can be a reasonable alternative. But non-parametric statistics
produce wider confidence intervals than those estimated assuming a particular distribution [11].
However, the Johnson distribution is used in the case of modeling data from an unknown
marginal distribution. The plus point of using Johnson system is that there is no need to assume
a parametric distribution for the collected data. The Johnson system of distribution covers a wide
variety of distributional shapes. To be mentioned that there are three types of Johnson transformation: (a) bounded, (b) unbounded, and (c) lognormal. For each pair of mathematically expected
value of skewness and probability distribution, the system provides a unique distribution. This kind
of flexibility allows this distribution to useful in characterizing complicated data [10].
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2.2

Current Standard for Respirable Coal Mine Dust

During the decade of 1960, for the incidents of miners’ death resulting from lung disease and other
accidents, U.S Congress passed Federal Coal Mine Health and Safety Act of 1969. The current
Federal standard of 2 mg/m3 for respirable dust was established by this act which was amended by
the Federal Mine Safety and Health Act of 1977. An interim standard of 3 mg/m3 was in effect from
1969 to 1972 before the current standard take into effect. Under the Federal Mine Safety and Health
Act of 1977 the MSHA of the U.S. Department of Labor was established. MSHA is responsible for
enforcing the provisions of the Act, including the establishment of safety and health regulations [3].
The permissible exposure limit (PEL) is 2 mg/m3 for respirable coal mine dust, adopted by
MSHA, and it is measured as an 8-hour TWA (Time-Weighted-Average) concentration with gravimetric personal sampler. If the respirable quartz content exceeds 5%, the applicable standard for
respirable coal mine dust is reduced. This is calculated by a formula of 10 divided by the percentage of respirable quartz [30 CFR 70.101 and 71.101]. According to the current standard, bimonthly
samples of airborne respirable dust in the active workings of a coal mine are taken. The measured
concentration is multiplied by a conversion factor of 1.38 to adjust to the United Kingdom British
Medical Research Council (BMRC) criterion. The respirable particulate size fraction is defined according to BMRC for size-selective personal samplers as ”100% efficiency at 1 micron or below,
50% at 5 microns, and zero efficiency for particles of 7 microns, and upwards” [3].

2.3

Proposed Regulations by MSHA (Mine Safety and Health Administration)

MSHA has proposed a new exposure limit where it will issue a citation if any full-shift sample exceeds the exposure limit, and also redefined the term ”normal production shift”. It was believed that
use of single, full-shift samples collected by the agency or operator would eliminate an important
source of sampling bias due to averaging. Some commenters suggested that the dust concentration
measurement is required to be a long term average instead of single shift. The development of
chronic disease is a gradual process and the exposure limit should be applied to dust concentrations
averaged over a miners lifetime. There are supports for the current method of averaging at least five
separate measurements in order to examine the acceptability of dust level for the miners. Because
the Experts say, the average of dust measurements obtained at the same occupational location on
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different shifts more accurately represents dust exposure compared to a single, full-shift measurement. They argued that not averaging measurements can lead to the cases of low accuracy. However,
in a different perspective, averaging multiple measurements can dilute and underestimate specific
instances of overexposure. Some of the claims are averaging procedure distorts the estimate of dust
concentration and biases the estimate of exposure levels over a longer period. Moreover, averaging
creates the situation to underestimate the exposure at one occupation by diluting its measurement
with other occupations such as non-designated occupations. According to the proposed regulations,
no valid single-shift sample equivalent concentration measurement shall meet or exceed the ECV
that is developed in relation to an applicable standard. It was recommended from the experts that,
MSHA should issue a citation if any full-shift sample is above the exposure limit by 0.1 mg/m3 .
Moreover, applying the 95% confidence level adjustment can oversee an unusual hike in exposure
to the operator at the expense of miners health. However, for the sake of rulemaking there should
be certain level of confidence and include an error factor in determining noncompliance to account
for measurement uncertainty [20]. The new rule is going to consider 100% of the average of the
production of last 30 shifts, which is 50% under the existing standard. A more detailed discussion
about the proposed regulation is presented in section 2.4.

2.4

Summary of Requirements of the Proposed Rule

The proposed rule would [19]:
• For underground and surface coal mines, the limit will be reduced from 2.0 mg/m3 to 1.0
mg/m3 over an 8-hour shift, over a 24 -month phase in period. Also, for intake air and for
Part 90 miners (where the average concentration of respirable dust is continuously maintained
at or below 1.0 mg/m3 ) , the limit will be reduced from 1.0 mg/m3 to 0.5 mg/m3 over a 6month phase in period.
• Over an 18-month period, promotion of the use of the Continuous Personal Dust Monitor
(CPDM), a new technology that provides a direct, real-time measurement of respirable coal
mine dust. Operators would use CPDMs to monitor underground miners in occupations exposed to the highest dust concentrations and miners who have evidence of pneumoconiosis,
every day for the full shift. Use of the CPDM would be optional for surface miners and for
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underground miners in non-production areas (such as outby areas). The CPDM stores data
that would be electronically sent to MSHA.
• The compliance authority would require single, full-shift samples, collected from the mine to
determine noncompliance with dust standards of MSHA.
• The sampling of respirable dust concentration require dust samples to include the entire time
the miner works, rather than a maximum of 8 hours required by the existing standard.
• The sampling needs to be done at operators actual production based on an average of at least
30 production shifts instead of 50 percent of production used before.
• The existing x-ray surveillance program for underground coal miners is required to be extended to surface miners. Also, the facility for spirometry, occupational history, and symptom
assessment are required.
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Chapter 3
Measuring Instrument
3.1

CMDPSU (Coal Mine Dust Personal Sampling Unit)

The CMDPSU (shown in figure 3.1) is based on a filter assembly which accumulates the dust mass
during measurement and collected mass is being carried out to a laboratory for final concentration.
The filter collects the respirable dust and should be weighed by a qualified lab to determine the
mass of dust that has been collected during sampling. The mass of dust and the volume of air
sampled are used to calculate the concentration of respirable dust in milligram per cubic meter. The
cyclone assembly should stand upright after a sample is collected. After the approval from Federal
Coal Mine Health and Safety Act of 1969, this device is being used till today. It is also known as
gravimetric sampler [13].

Figure 3.1: Gravimetric Sampler [13]
The method of dust collection using this device is NIOSH 0600 where sampling rate is 1.7 to
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2.2 liter per minute. There are a lot of variables that can impact airborne dust levels, therefore it
is recommended to place multiple gravimetric samplers at a location and calculate an average dust
concentration. However, there are few things that need to be emphasized when using a gravimetric
sampler: (a) associated costs; (b) the filter need to be carried to laboratory; (c) intentionally or
accidental bias of the results; (d) not suitable for short-term measurements [14].

3.2

PDM (Personal Dust Monitor)

The newly developed PDM uses TEOM (Tapered Element Oscillating Microbalance) mass sensor
in order to measure respirable coal dust. It was developed by Rupprecht and Patashnick Co. Inc.
(now Thermo Fisher Scientific Corporation) in a contract with NIOSH in 2004. This monitoring
device provides direct measurement of the dust mass on a filter even if the dust composition, size,
or physical characteristics are different. The PDM has the ability to perform sampling, analysis
and calculating mass concentration calculations of the respirable dust. In order to evaluate the
performance of the PDM, the NIOSH conducted laboratory experiments in laboratory and found
that PDM has less bias (thermal or any other) than the existing gravimetric sampler. Laboratory
results were later confirmed by tests done in four underground mines. The results indicate that the
automated PDM is equal to or better than the current manual dust collection and analysis method
used since 1972. The shift based data from the PDM is available immediately after the conclusion
of a miners working hours, and shorter term dust exposure data is available continuously. The PDM
is approved for use in the United States only and meets MSHA intrinsic safety approval for use
in underground mines (certified for coal mine dust sample collection) and NIOSH guidelines for
Air Sampling and Analytical Method Development and Evaluation. The PDM3600 operates by
combining the miner cap lamp, sample pump and filter holder with a single belt worn unit. The
battery operated PDM3600 starts by drawing a continuous sample of air from a miners breathing
zone, it then removes the particles that are larger than respirable in size, and measures the mass of
dust collected on an exchangeable filter. Dust exposure information computed by the monitor is
stored internally and is updated every five seconds on the display. The results obtained from the
PDM3600 are immediate and accurate end-of-shifts measurements and are equivalent to filter based

19

method with conversion multiplier of 1.05 [23; 5]. In figure 3.2, a cross-section of the internal view
shows the different components of this device.

Figure 3.2: Personal Dust Monitor [24]
According to TEOM Series 3600 Personal Dust Monitor [27] major specifications of the PDM
are presented here.

3.2.1

Instrument Performance

• Measurement range of 0-200 mg/m3
• For shift-averaged respirable dust concentrations greater than 0.2 mg/m3
• Mass concentration sensitivity of 0.05 mg/m3 (1σ) at the standard averaging time of 30 minutes
• Respirable particle size cut point using HD cyclone operating at 2.2 l/min, comparable to
International Standards Organization (ISO) and the UKs former Coal Research Establishment
(CRE) conventions
• The individual readings are within 25% of the reference method with 95% reference
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3.2.2

Data Averaging and Output

• Primary Data: In every five seconds the 30-minute mass concentration average is updated,
with sampling duration specified by the user prior to the start of the shift. The PDM displays
the cumulative, current (30-minute averaged), and projected mass concentration averages during a working shift
• Secondary Data: User-defined averaging time (10 to 60 minutes) set prior to the shift for
mass concentration average updated every five seconds. Secondary dust sampling is intended
for engineering purposes, and may be initiated by the user anytime during a working shift.
This information is downloaded with primary data when using WinPDM software to transmit
results from the PDM
• PC-based WinPDM software is used to upload sampling parameters to the PDM, download
and review/ graph results and status flags from the monitor. It also supports the calibration/audit of subsystems in the monitor

3.2.3

RS-232 Interface

The RS-232 interface is the Electronic Industries Association (EIA) standard for the interchange
of serial binary data between two devices. RS-232 interface is used to connect the PDM with the
computer. This is used to programming and retrieving stored data in the instrument, and is presented
in figure 3.3.

3.2.4

Screen Presentation

The miners can respond to the data display differently. In figure 3.4, two formats (graphical and
numeric) are presented for the display of the output from PDM. Some miners prefer the graphical
format while others prefer numeric display as found from the research conducted by NIOSH in
2006. Based on observations and if conditions remain unchanged, the cumulative concentration
(CUM0), which is mathematically the mass divided by volume sampled to this point in time and it
is a good predictor of the End-of-Shift (EOS) concentration throughout the shift. On the other hand,
the projected concentration (PROJ), which is mathematically the mass divided by the volume to be
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Figure 3.3: PDM connected to docking station with a RS-232 interface [24]
sampled for the entire shift, is not a direct estimate of a miners EOS concentration. The importance
of the ”PROJ” value is that it will not fluctuate with changes in the concentration; rather, it steadily
reaches to the true EOS concentration. If CUM0 exceeds the permissible exposure limit (PEL), steps
can be taken to reduce the exposure to stay within the PEL before the EOS. Once the limit (PROJ) is
exceeded, it becomes impossible to meet the PEL. Despite the apparent confusion in nomenclature,
miners passed through training quickly learned to identify the meaning of the various formats in
relation to their work practices [24].

Figure 3.4: Basic Screen Display: Left: graphic format; Right: numeric format [24]
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3.2.5

Instrument Bias

Theoretically, mass concentration measurement is expected to be unbiased, but in many electrical
instruments do have bias i.e. difference between the mean of the distribution of measurements and
true mass being measured. Scientific studies were conducted to determine the bias and adding a bias
correction factor to the mass measurement improves the accuracy of the instrument. As found in the
investigative study conducted by MSHA on ”laboratory and field performance test of PDM”, certain
technical tradeoffs are necessary to make the measurement of coal mine dust exposure simultaneously practicable and accurate. There is a loss of respirable dust from the cap light to cyclone during
measurement. This source of loss is minimized through the use of conductive tubing, which minimized electrostatic losses, and by the use of an optimized transport velocity. Peters and Volkwein
calculated and determined this loss to be about 2% of the total respirable fraction. Between the
cyclone and PDM filter another source of particle loss might occur. Even though this is not measured instantly, but is a part of the overall measurement of bias. The instrument bias of the PDM is
negative and therefore consistent with the physical loss of a small amount of particulate mass in the
intermediate zone between the cyclone and filter. This loss is different depending on the respirable
size distribution of the dust. For the desired performance it is recommended to use the PDM with
periodic calibration, inspection and cleaning of the instrument [24].

3.2.6

Reading Exposure from PDM

The PDM determines the mass concentration of respirable dust in the mine environment by dividing
the mass over the air volume sampled during the same period. The mass is obtained from the
frequency change collected from the oscillating microbalance.

E=

M
FT

(3.1)

Here, E = Dust Exposure (mg/m3 ), M = Mass in mg, F = Flow rate in m3 /min, T = Time in minute.
The WinPDM software is used to download the data from the PDM to a computer. This data
is saved as comma-separated version (.CSV) text file for archiving or more detailed examination
using common spreadsheet software. This software also works for review/graph results and status
flags from the monitor. In figure 3.5 an individual report which is normally being downloaded from
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PDM is presented. The eight hour equivalent exposure of dust concentration is calculated by the

Figure 3.5: Individual Report from Personal Dust Monitor
following:

Eight Hour Equivalent =

End − of − Shif t Exposure × Shif t Duration
8

(3.2)

The collected EOS concentrations obtained from PDM, were converted to the eight hour equivalent
exposure in this study. Because, the usual shift duration is considered to be eight hours.

3.3

Measurement Comparison of PDM and Gravimetric Sampler

Confidence limits are the estimation of the range under which the mean dust exposure might fall
with a certain confidence level, while the prediction limits indicate the extent a single measurement
might reach. In order to observe the difference in measurements collected by this two devices,
regression plots were developed.
From case study 1, the regression model: PDM = 0.116 + 0.7*Gravimetric
According to the first case study, the measurement from the PDM is an underestimate in comparison
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Figure 3.6: Regression Plot for the PDM and Gravimetric Sampler (Case Study 1)
to the gravimetric one. Another study conducted by the end of 2012, where PDM and gravimetric
samplers both were used. Total number of measurements was 27.

Figure 3.7: Regression Plot for the PDM and Gravimetric Sampler (Case Study 2)
From case study 2, Regression Model: PDM = -0.0034 + 1.2861*Gravimetric
According to the second case study, the measurement from the PDM is an overestimation in compar-
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ison to the gravimetric one. This is different in from the case study one. Even though measurements
from two devices are nearly within 95% prediction limits, the R2 values are 65% and 46% for the
first and second study, respectively. Moreover, the PDM has significant advantages with real-time
exposure, user friendliness, lower instrument bias, frequent sampling etc. A study conducted by Peters and Volkwein indicates the instrument bias is less for the PDM in comparison with the existing
personal sampler [23].
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Chapter 4
Methodology
4.1

Protocol Development

Developing the protocol is a part of research methodology. The hypothesis is centered with the
varaibility in respirable dust exposure. The maximum desired value of the mean exposure must be
determined by using statistical techniques. This is an investigative study to find out the respirable
dust exposure. Hypothesis Statement: Actual variability in the respirable coal mine dust exposure is
higher is in comparison to the measurement error (due to instrument variability). Study Population:
The respirable dust concentration sample will be collected from different underground coal mines
near the mining face where the miner operator works accompanied by the measuring device. A
total of 600 measurements were obtained from three underground mines. Measurement Tool: PDM
(Personal Dust Monitor) Permissible Exposure Limit (PEL): The value of respirable dust exposure
below which there is thought to be no significant adverse effect on most workers. According to the
existing standard when the percentage of quartz is more than 5%, the formula for calculating the
10
%Quartz+2

PEL is

mg/m3 . But if the quartz content is less than or equal to 5% then the PEL is 2.00

mg/m3 .

4.2
4.2.1

Procedures
Fitting Data to Statistical Distribution

In order to assess the respirable coal dust exposure it is essential to indentify the particular statistical
distribution that fits the data. The parametric distributions, such as lognormal, weibull, exponential,
beta and gamma, and non-parametric distributions, are required to be applied for the data to find the
best fit. However, sometimes transforming the non-normal data into a normal distribution by using
a transformation equation can better characterize the data. The Lognormal distribution was found
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to be common in assessing the occupational exposure data. The specific properties of the lognormal
distribution are presented here:
1. If y is from a lognormally distributed exposure measurements of an employee, then x = ln(y)
is from a normally distributed data and the mean of y is as following:

µ = exp(x̄ +

σ2
)
2

(4.1)

where, x̄ and σ are the mean and standard deviation of the logged exposure.
2. It is a righ skewed distribution where zero is the physical power limit
3. The median is always less than the mean
If any suitable distribution is not found for the data, then transformation of the data might be
a good option. The Johnson transformation was used for this purpose and it converts the data to a
normal distribution. Before transforming the data, several things must be considered.
First plotting the data, observing it and spending some time understanding the process from
whence the data came. Plots should include a histogram, a box-plot and a normal probability plot.
It is imperative to know how various distributions look when they are plotted in the above manner.
Second the data might be non-normal because of the different forms that the data take. For
example: multimodal, truncated, heavy tailed or apparent natural upper/lower bound.
Third given the items listed above, different measures might be required to use the transformation technique.
For example: Multimodal- probably means multiple feeds of some kind are therefore making
multiple products. It is important to discover the modes before doing anything else.
Truncated- tails are broken in the distribution. Apparent natural upper/lower bound- many processes have natural bounds and if the data is too close to those bounds then distribution will always
be non-normal.
Heavier Tails- heaviness of the tail and its impact on the distribution.
After satisfying the above conditions, if the data is representative of the process and when everything is under control, it is imperative to give some thought to the need for data transformation.
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If the data is being transformed then it is necessary to know what the transform is actually doing
and if it matters. The analysis can be run with both transformed and untransformed data to see if
anything changes occur with respect to outcomes or actions that might be taken as a result of the
analysis. If nothing changes after transforming the data, then it might not be necessary to change
the data [26].
There are different forms of the Johnson transformation, and the form should be based on the
nature of the occupational exposure. It was observed that the lognormal family of the Johnson
transformation provides the best fit for the occupational exposure of respirable dust. According to
[10], the general form of this transformation:

Z = γ + δf (

X −θ
)
σ

(4.2)

Where f denotes the transformation function, Z is a standard normal random variable, γ and
δ are shape parameters, σ is a scale parameter and θ is a location parameter. Without loss of
generality, it is assumed that δ > 0 and θ > 0. The first transformation proposed by Johnson defines
the lognormal system of distributions (denoted by SL ):

Z = γ + δ ln(

X −θ
)
σ

(4.3)

SL curves cover the lognormal family of the Johnson transformation. After determing the confidence limits, which are required to be presented as the actual in-mine dust concentration, it is
essential to convert them from transformed value to original value using inverse transform. The
procedure for inverse transform to the original value, i.e. X is presented below:
X −θ
)=Z −γ
σ

(4.4)

X −θ
Z −γ
)=
σ
δ

(4.5)

δ ln(

ln(

(

Z−γ
X −θ
)=e δ
σ
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(4.6)

4.2.2

X − θ = σe

Z−γ
δ

(4.7)

X = θ + σe

Z−γ
δ

(4.8)

Goodness-of-Fit Test

Goodness-of-Fit Test To verify the normality of the transformed data, it is essential to run a goodness
of fit test. The Anderson-Darling (AD) test is a good approach to check whether the data follows a
normal distribution or not. The AD goodness-of-fit test for normality has the functional form:

AD =

n
X
1 − 2i
i=1

n

(ln(F0 [Zi ]) + ln(1 − F0 [Z( n + 1 − i)])) − n

(4.9)

Where, F0 is the assumed (Normal) distribution with the assumed or sample estimated parameters µ and σ; Zi is the ith sorted, standardized, sample value; n is the sample size; ln is the natural
logarithm (base e) and subscript i runs from 1 to n.
The following is a step-by-step summary of the AD test for Johnson transformed data:
• Sort Johnson transformed data (X) in ascending order and standardize: Z =

X−µ
σ

• Establish the null hypothesis: assume a normal (µ, σ) distribution for the transformed data
• Obtain the distribution parameters: µ and σ
• Obtain the F(Z) cumulative probability
• Obtain the logarithm of the above: ln[F (Z)]
• Sort cumulative probabilities F(Z) in descending order (n − i + 1)
• Find values of 1 − F (Z) for the above
• Find the logarithm of the above: ln[1 − F (Z)]
• Evaluate via 4.9 Test statistics, AD
• Use software for the P-value
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4.2.3

Confidence Bound Calculation

A one-sided confidence bound defines the point where a certain percentage of the population is either higher or lower than the defined point. An upper one-sided confidence bound defines a point
that a certain percentage of the population is less than. For example, if X is a 95% one-sided confidence upper bound, this would indicate that 95% of the population is less than X. For the respirable
dust exposure study, the implications of confidence interval were discussed in the second chapter.
The calculated confidence upper bound will be compared with the ECV values. The calculated
results considered the overall dust exposure variability, while the ECV 1.13 mg/m3 was calculated
only considering the instrument variability of the CPDM.
Analysis was conducted with the transformed data to establish upper confidence bounds for a
single (1) measurement, the average of five (5) measurements, and the average of ten (10) measurements. For these cases, a 95% confidence upper bound was used. It is noted that the analysis
was conducted with the transformed data, and the results were converted to their equivalent dust
exposure values.
The 95% upper confidence bound is given by µ + Z0.95 √σn Where, Z0.95 = Standard normal test
statistic for a 95% confidence level, µ = Mean dust exposure, σ = Standard deviation of the dust
exposure

4.2.4

Exceedance Fraction Calculation

The exceedance fraction is the percentage of dust exposure measurements that will be above an
occupational exposure limit for an exposure group in a particular sampling environment. The proposed standard of respirable coal dust exposure is that the dust concentration should not exceed the
ECV 1.13 mg/m3 .
The algorithm to find the exceedance fraction:
1. The corresponding transformed value of 1.13 is from a standard normal distribution, if not
very close to a standard normal distribution. The probability of exceed that number was
found from the normal distribution table.
2. For different sample sizes, the transformed value of 1.13 was fixed as the 95% confidence
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upper bound. Then, the particular Z- value for these cases was found by the equation below:
σ
95% conf idence upper bound = µ + Z0.95 √
n

(4.10)

3. From the normal distribution table the probability of exceeding the number found in step 2
was obtained.
4. The number obtained from the normal probability table indicates the exceedence fraction for
the respective sample size.

4.2.5

Standard Mean Exposure

If the dust exposure is expected to be within a permissible limit with a probability of 95%, then a
desired mean exposure must be determined. Therefore, a recommended mean exposure value can
be proposed where the individual shift exposure does not exceed 1.13 mg/m3 . Equation:

X = θ + σe

Z−γ
δ

(4.11)

Z is a standard normal random variable, γ and δ are shape parameters, σ is a scale parameter and θ
is a location parameter.
The algorithm to find standard mean exposure:
1. In this case X = 1.13 mg/m3 was fixed for Z = 1.645 for the parameters obtained from Johnson
transformation using the actual data.
2. Excel Solver was used to change the parameters.
3. The inversed transformed value of zero is the standard mean exposure.
4. The mean obtained by standardizing (dividing the data by the actual mean exposure) the data
to the standard mean exposure also provides the same parameters as previously obtained by
the Excel Solver in step 2.
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Chapter 5
Analysis and Results
5.1

Data Characterization

The dataset obtained from each mine is characterized in this section. In order to study the exposure
more generically the obtained measurements were divided by their mean and a mean of 1.00 mg/m3
was obtained in different cases. The data was transformed by the Johnson transformation equation,
and the transformed data was subjected to a normality test. It was found that Johnson transformation
of the lognormal family fits the data very well. The normal probability plots were presented before
and after transformation. After this, the 95% confidence upper bound and exceedance fraction of
dust exposure were calculated. The motivation to compare the exposure data with normal distribution is to reiterate the fact that exposure distribution is not normal, as opposed to the method used
by MSHA. The Statistical Analysis Software (SAS) and Minitab statistical software were used to
do the transformation and to develop the plots and graphs.

5.1.1

MINE A

From Mine A, 197 valid measurements were obtained, and after standardizing the data, the overall
mean exposure is 1.00 mg/m3 and standard deviation is 0.45. In figure 5.1, the diagnostic plot and
goodness of fit test are provided. The distinct parameters are shape (γ) = -2.24, shape (δ) = 4.02,
location (θ) = -0.8 and scale (σ) = 1. If the real exposure values are plotted for a normal distribution
for the goodness-of-fit, it produces a high value of AD-statistic 1.43 and P-value < 0.005 as found in
figure 5.2. Therefore we conclude that data does not fit normal distribution. From the goodness-offit test of figure 5.3, it is found that the AD-statistic is 0.22 (significantly low value) which represents
a very good fit. Also the P-value (probability of the transformed data to be normal) of 0.83 is higher
than any other distribution tested, i.e., lognormal, weibull, Box-Cox transformation, exponential,
etc.
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Figure 5.1: Johnson Transformation (lognormal family) of Dust Exposure Mine A

Figure 5.2: AD-Test for Mine A Dust Exposure Normal Distribution
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Figure 5.3: AD-Test for Mine A Dust Exposure Johnson Transformed Data
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5.1.2

MINE B

From Mine B, 206 valid measurements were obtained, and after standardizing the data, the overall
mean exposure is 1.00 mg/m3 and standard deviation is 0.32. In figure 5.4, the diagnostic plot and
goodness of fit test are provided. The distinct parameters are shape (γ) = -6.53, shape (δ) = 7.57,
location (θ) =-1.39 and scale (σ) = 1.

Figure 5.4: Johnson Transformation (lognormal family) of Dust Exposure Mine B
In figure 5.5 the actual value of dust exposure is subjected to a normality test (AD: 0.656 and
P-value: 0.086). After transforming the data, the parameters obtained from the normality test are
AD: 0.202 and P-value: 0.877 from figure 5.6. From the Goodness-of-fit test it is found that the ADstatistic is 0.202 (significantly low value) which means a very good fit and P-value (probability of
the transformed data to be normal) of 0.877 is also higher than any other distribution i.e., lognormal,
weibull, box-cox transformation, exponential that were tested.
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Figure 5.5: AD-Test for Mine B Dust Exposure Normal Distribution

Figure 5.6: AD-Test for Mine B Dust Exposure Johnson Transformed Data
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5.1.3

MINE C

A dataset of 197 dust exposure measurements from Mine C was obtained. After standardizing, the
overall mean is 1.00 mg/m3 and standard deviation 0.6 mg/m3 . In figure 5.7, the diagnostic plot and
goodness-of-fit test are provided. The distinct parameters are shape (γ) = 0.05, shape (δ) = 1.98,
location (θ) = -0.11 and scale (σ) = 1.

Figure 5.7: Johnson Transformation (lognormal family) of Dust Exposure Mine C
In figure 5.8 the actual value of dust exposure is subjected to a normality test (AD: 6.29 and Pvalue:<0.005). According to the output of this test, the data does not follow a normal distribution.
From the Goodness-of-fit test in figure 5.9, it is found that AD-statistic is 0.205 (significantly low
value) which means a very good fit and also a P-value (probability of the transformed data to be
normal) of 0.87 which is also higher than any other distributions i.e., lognormal, weibull, box-cox
transformation, exponential that were tested.
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Figure 5.8: AD-Test for Mine C Dust Exposure Normal Distribution

Figure 5.9: AD-Test for Mine C Dust Exposure Johnson Transformed Data
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5.1.4

COMBINED DATA

The total 600 measurements have a standardized mean of 1.00 mg/m3 and a standard deviation of
0.47. After being plotted for Johnson transformation, the parameters are shape (γ) = -0.96, shape
(δ) = 3.17, location (θ) = -0.42 and scale (σ) = 1, as presented in figure 5.10.

Figure 5.10: Johnson Transformation (lognormal family) of Dust Exposure Combined Data
From the probability plot, the Johnson transformed data of dust exposure has an AD statistic of
0.312 and P-value is 0.550 (figure 5.12). Therefore, the transformed data is normally distributed.
While the actual dust exposure has an AD of 7.209 and P-value of <0.005 (figure 5.11), which
makes the data very far from the normal distribution.
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Figure 5.11: AD-Test for Combined Dust Exposure Normal Distribution

Figure 5.12: AD-Test for Combined Dust Exposure Johnson Transformed Data
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5.2

Confidence Bounds and Exceedance Fractions

The calculation of the confidence upper bound and exceedance fraction provides a lot of insight
about the variability of the dust exposure. The confidence upper bound lowers if a higher sample
size is taken. As if the number of measurements increased from 1 to 10 throughout the analyses, the
confidence upper bound decreased. This is due to the averaging procedure dissolving the possible
incidents of overexposures/underexposures. Similarly, this also occurs in case of the exceedance
fraction. The probability that dust exposure will be above the permissible limit, lowered with higher
number of sample measurements. A significant difference between single-shift sampling (continuous monitoring) and averaging multiple shifts can be realized from this calculation. The reliability
of these findigns was tested by sorting the actual data; it has provided satisfactory results. In order
to calculate an ”error factor” for the new dust exposure limit, these variability is to be considered
essentially.

5.2.1

MINE A

Table 5.1 shows the results for the confidence bounds. For the single-sample, the 95% confidence
upper bound is 1.82 mg/m3 . In other words, approximately 5% of the measurements will exceed
1.82 mg/m3 (when the mean is 1.00 mg/m3 , with a standard deviation of 0.45 mg/m3 ). Inspection
of the dataset showed that, 10 out of 197 measurements exceeded 1.82 mg/m3 , which is 5.1%. Note
that this value is much higher than the proposed ECV 1.13 mg/m3 for a standard of 1.00 mg/m3 .
Table 5.1: Confidence Bound for Different Sample Sizes: Mine A
95% Confidence
Upper Bound in
Actual Data

Sample
Size

Sample
Standard Error,
SE ( √σn )

Corresponding
Normal Value
(Z0.95 )

95% Confidence
Upper Bound in
Transformed Data

1

1

1.64

1.64

1.82

5

0.45

1.64

0.74

1.29

10

0.32

1.64

0.525

1.18

On the other hand, the probability of dust exposure exceeding ECV (1.13 mg/m3 ) is P (Z>
0.41) = 1- P (Z< 0.41) = 1- 0.66 = 0.34. Thus, there is a 34% chance that the dust exposure will
exceed 1.13 mg/m3 for an individual measurement. Out of the 197 sample measurements, 70 of
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them exceed 1.13 mg/m3 , that is, 35.5%. Table 5.2 presents the probability of exceeding the ECV
for different numbers of measurements.
Table 5.2: Exceedance Fraction for Different Sample Sizes: Mine A

Sample Size

ECV (mg/m3 )

Calculated Normal
Value of ECV

Probability of
Exceeding ECV (%)

1

1.13

0.41

34

5

1.13

0.91

18

10

1.13

1.28

10

Sample Size: One

Figure 5.13: 95% Upper Confidence Bound for One Measurement (Mine A)
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Figure 5.14: Probability of Exceeding ECV (1.13 mg/m3 ) for One Measurement (Mine A)
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Sample Size: Five

Figure 5.15: 95% Upper Confidence Bound for Five Measurements (Mine A)

Figure 5.16: Probability of Exceeding ECV (1.13 mg/m3 ) for Five Measurements (Mine A)
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Sample Size: Ten

Figure 5.17: 95% Upper Confidence Bound for Ten Measurements (Mine A)

Figure 5.18: Probability of Exceeding ECV (1.13 mg/m3 ) for Ten Measurements (Mine A)
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5.2.2

MINE B

In Table 5.3, the confidence bounds are presented for different sample sizes. In the case of a singleshift measurement, 95% of the exposures will be lower than 1.54 mg/m3 . It was found that 8 out
of 206 measurements are above 1.54 mg/m3 , which is around 3.9%. Therefore, it can be concluded
that this model is able to identify the uncertainties in the dust concentration reliably.
Table 5.3: Confidence Bound for Different Sample Sizes: Mine B
95% Confidence
Upper Bound in
Actual Data

Sample
Size

Sample
Standard Error,
SE ( √σn )

Corresponding
Normal Value
(Z0.95 )

95% Confidence
Upper Bound in
Transformed Data

1

1

1.64

1.64

1.54

5

0.45

1.64

0.74

1.21

10

0.32

1.64

0.525

1.14

On the other hand, the probability of dust exposure exceeding the ECV is P (X>1.13) = P (Z >
0.5) = 1- P (Z< 0.5) = 1 0.69 = 0.31.Thus, there is a 31% chance that the dust exposure will exceed
the ECV 1.13 mg/m3 for a single-shift. 65 out of the 206 sample measurements exceed the ECV
1.13 mg/m3 , which is 31.5%. In table 5.4 the exceedance fractions are presented for the one, five
and ten measurements respectively.
Table 5.4: Exceedance Fraction for Different Sample Sizes: Mine B

Sample Size

ECV (mg/m3 )

Calculated Normal
Value of ECV

Probability of
Exceeding ECV (%)

1

1.13

0.50

31

5

1.13

1.11

14

10

1.13

1.56

6

47

Sample Size: One

Figure 5.19: 95% Upper Confidence Bound for One Measurement (Mine B)

Figure 5.20: Probability of Exceeding ECV (1.13 mg/m3 ) for One Measurement (Mine B)
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Sample Size: Five

Figure 5.21: 95% Upper Confidence Bound for Five Measurements (Mine B)

Figure 5.22: Probability of Exceeding ECV (1.13 mg/m3 ) for Five Measurements (Mine B)

49

Sample Size: Ten

Figure 5.23: 95% Upper Confidence Bound for Ten Measurements (Mine B)

Figure 5.24: Probability of Exceeding ECV (1.13 mg/m3 ) for Ten Measurements (Mine B)
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5.2.3

MINE C

In table 5.5, the confidence upper bound for different sample sizes are presented for the data of
Mine C. The 95% confidence upper bound for a single-shift measurement is 2.13 mg/m3 , i.e., the
dust exposure will be below it with every second measurement, with a 95% confidence level. From
the sorted dust exposure measurements, it was found that 12 out of 197 measurements were above
2.13 mg/m3 , which is 6.1%.
Table 5.5: Confidence Bound for Different Sample Sizes: Mine C
95% Confidence
Upper Bound in
Actual Data

Sample
Size

Sample
Standard Error,
SE ( √σn )

Corresponding
Normal Value
(Z0.95 )

95% Confidence
Upper Bound in
Transformed Data

1

1

1.64

1.64

2.13

5

0.45

1.64

0.74

1.31

10

0.32

1.64

0.525

1.17

In table 5.6 the probability of exceeding the ECV are presented for different sample sizes. About
one-third of measurements were found to exceed the ECV for single-shift measurements. Similar
to the confidence bound, the exceedance fraction (probability of exceeding 1.13 mg/m3 ) decreases
with the increase in sample size. On the other hand, the probability of dust exposure exceeding the
ECV is P (X>1.13) = P (Z> 0.47) = 1- P (Z< 0.47) = 1- 0.68 = 0.32. There is a 32% chance that
the dust exposure will exceed 1.13 mg/m3 for a single-shift. Out of the 197 sample measurements,
58 exceed 1.13 mg/m3 , which is 29.4%.
Table 5.6: Exceedance Fraction for Different Sample Sizes: Mine C

Sample Size

ECV (mg/m3 )

Calculated Normal
Value of ECV

Probability of
Exceeding ECV (%)

1

1.13

0.47

32

5

1.13

1.04

15

10

1.13

1.47

7
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Sample Size: One

Figure 5.25: 95% Upper Confidence Bound for One Measurement (Mine C)

Figure 5.26: Probability of Exceeding ECV (1.13 mg/m3 ) for One Measurement (Mine C)
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Sample Size: Five

Figure 5.27: 95% Upper Confidence Bound for Five Measurements (Mine C)

Figure 5.28: Probability of Exceeding ECV (1.13 mg/m3 ) for Five Measurements (Mine C)
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Sample Size: Ten

Figure 5.29: 95% Upper Confidence Bound for Ten Measurements (Mine C)

Figure 5.30: Probability of Exceeding ECV (1.13 mg/m3 ) for Ten Measurements (Mine C)
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5.2.4

COMBINED DATA

In table 5.7, the confidence upper bounds for the combined data are provided for different sample
sizes. By sorting the actual data, it was found that 28 out of 600 measurements exceed the value
1.85, which is 4.6%. The prediction of this model is relatively accurate even if the sample size
is one. With the same method, the statistics were found for sample sizes of five and ten as well.
The 95% confidence upper bound for the mean of five measurements is 1.29 mg/m3 , and for ten
measurements is 1.17 mg/m3 .
Table 5.7: Confidence Bound for Different Sample Sizes: Combined Data
95% Confidence
Upper Bound in
Actual Data

Sample
Size

Sample
Standard Error,
SE ( √σn )

Corresponding
Normal Value
(Z0.95 )

95% Confidence
Upper Bound in
Transformed Data

1

1

1.64

1.64

1.85

5

0.45

1.64

0.74

1.29

10

0.32

1.64

0.525

1.17

From table 5.8, the exceedance fraction for a single measurement is 34%. If the variability is
lower then it will decrease. By sorting the actual data it was found that 193 out of 600 measurements
exceed 1.13 mg/m3 , which is 32%. Therefore, the prediction of this model is close to being accurate
even if the sample size is one. For sample size of five and ten, the probability of exceeding the ECV
is 17% and 9% respectively, which is significantly lower than single shift compliance sampling.
Table 5.8: Exceedance Fraction for Different Sample Sizes: Combined Data

Sample Size

ECV (mg/m3 )

Calculated Normal
Value of ECV

Probability of
Exceeding ECV (%)

1

1.13

0.43

34

5

1.13

0.95

17

10

1.13

1.34

9
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Sample Size: One

Figure 5.31: 95% Upper Confidence Bound for One Measurement (Combined Data)

Figure 5.32: Probability of Exceeding ECV (1.13 mg/m3 ) for One Measurement (Combined Data)

56

Sample Size: Five

Figure 5.33: 95% Upper Confidence Bound for Five Measurements (Combined Data)

Figure 5.34: Probability of Exceeding ECV (1.13 mg/m3 ) for Five Measurements (Combined Data)
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Sample Size: Ten

Figure 5.35: 95% Upper Confidence Bound for Ten Measurements (Combined Data)

Figure 5.36: Probability of Exceeding ECV (1.13 mg/m3 ) for Ten Measurements (Combined Data)
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5.3

Standard Mean Dust Exposure

As mentioned in the sections before, standard mean exposure is the value at which there is a 95%
probability that data will not exceed 1.13 mg/m3 for single shift compliance sampling. By using
Excel Solver, the standard mean exposures for three mines and for the combined data were determined. This is a procedure to develop an expected mean exposure of coal mine dust when 1.13
mg/m3 is being treated as the 95% confidence upper bound. If 1.13 mg/m3 is the 95% confidence
upper bound, it means that dust exposure will not exceed 1.13 mg/m3 with a 95% confidence level.
Equation:

X = θ + σe

Z−γ
δ

(5.1)

The algorithm to find standard mean exposure:
• In this case the X = 1.13 mg/m3 was fixed for Z = 1.645
• Excel Solver was used to change the parameters of the current Johnson transformation.
• The inverse transformed value of zero is the standard mean exposure
The standard mean exposure for different cases is determined and table 5.9 presents those mean
exposure level.
Table 5.9: Standard Mean Exposure
Sample
Size

1

5

10

Mine A

0.625

0.7

0.76

Mine B

0.725

0.81

0.85

Mine C

0.53

0.58

0.65

Mine D

0.60

0.68

0.74

The standard mean exposure is different due to variability in the exposure profile of each mine.
Where the variability is high, the mean exposure must be low; therefore, the dust does not exceed the
permissible limit. A more detailed calculation of the standard mean exposure for single sampling is
presented as follows.
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5.3.1

MINE A

By using Excel Solver, it was found that when the mean exposure is 0.625 mg/m3 and a standard
deviation of 0.28 is observed, there is a 95% probability that data will not exceed 1.13 mg/m3 for the
single shift compliance procedure. Excel Solver changed the different parameters of the distribution
but still maintained the properties of the Johnson transformation of the lognormal family. The
parameters obtained for the Johnson transformation in this case are in table 5.10:
Table 5.10: Estimated Parameters of Johnson Distribution: Mine A
Shape γ

Shape δ

Location θ

Scale σ

−0.36

4.04

−0.5

1

The recommended mean exposure for a sample size of five and ten was 0.7 mg/m3 and 0.76
mg/m3 respectively. The 95% confidence upper bound for a single sample is represented graphically
in figure 5.37:

Figure 5.37: Distribution of Exposure with Standard Mean for Mine A
A simulated distribution with a standard mean of 0.625 mg/m3 is presented in figure 5.38.
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Figure 5.38: Johnson transformation of data with a mean of 0.625 mg/m3
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5.3.2

MINE B

By using Excel Solver, it was found that when the mean exposure is 0.725 mg/m3 and a standard
deviation of 0.23 is observed, there is a 95% probability that data will not exceed 1.13 mg/m3
for the single shift compliance procedure. Excel Solver changed the different parameters of the
distribution but still maintained the properties of the Johnson transformation of lognormal family.
The parameters obtained for the Johnson transformation in this case are in table 5.11:
Table 5.11: Estimated Parameters of Johnson Distribution: Mine B
Shape γ

Shape δ

Location θ

Scale σ

−4.09

7.57

−1.00

1

The recommended mean exposure for a sample size of five and ten was 0.81 mg/m3 and 0.85
mg/m3 respectively. The 95% confidence upper bound for a single sample is represented graphically
in figure 5.39:

Figure 5.39: Distribution of Exposure with Standard Mean for Mine B
A simulated distribution with a standard mean of 0.725 mg/m3 is presented figure 5.40.
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Figure 5.40: Johnson transformation of data with a mean of 0.725 mg/m3
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5.3.3

MINE C

By using Excel Solver, it was found that when the mean exposure is 0.53 mg/m3 and a standard
deviation of 0.31 is observed, there is a 95% probability that data will not exceed 1.13 mg/m3
for the single shift compliance procedure. Excel Solver changed the different parameters of the
distribution but still maintained the properties of the Johnson transformation of lognormal family.
The parameters obtained for the Johnson transformation in this case are in table 5.12:
Table 5.12: Estimated Parameters of Johnson Distribution: Mine C
Shape γ

Shape δ

Location θ

Scale σ

1.32

1.97

−0.05

1

The recommended mean exposure for a sample size of five and ten was 0.58 mg/m3 and 0.65
mg/m3 respectively. The 95% confidence upper bound for a single sample is represented graphically
in figure 5.41:

Figure 5.41: Distribution of Exposure with Standard Mean for Mine C
A simulated distribution with a standard mean of 0.53 mg/m3 is presented in figure 5.42.
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Figure 5.42: Johnson transformation of data with a mean of 0.53 mg/m3

65

5.3.4

COMBINED DATA

By using Excel Solver, it was found that when the mean exposure is 0.60 mg/m3 and a standard
deviation of 0.28 is observed, there is a 95% probability that data will not exceed 1.13 mg/m3
for the single shift compliance procedure. Excel Solver changed the different parameters of the
distribution but still maintained the properties of the Johnson transformation of lognormal family.
The parameters obtained for the Johnson transformation in this case are in table 5.13:
Table 5.13: Estimated Parameters of Johnson Distribution: Combined Data
Shape γ

Shape δ

Location θ

Scale σ

0.63

3.17

−0.25

1

The recommended mean exposure for a sample size of five and ten was 0.68 mg/m3 and 0.74
mg/m3 respectively. The ECV as the 95% confidence upper bound for a single sample is represented
graphically in figure 5.43:

Figure 5.43: Distribution of Exposure with Standard Mean for Combined Data
A simulated distribution with a standard mean of 0.60 mg/m3 is presented in figure 5.44
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Figure 5.44: Johnson transformation of data with a mean of 0.60 mg/m3

5.4

Box-Plots for the Dust Exposure from Three Mines

The box-plots represent the differences and distinction among the different sample groups. In figure
5.45, the box-plots for the exposure data of three mines are presented. It is clear that they have
significant variation in terms of mean exposue as the actual exposure is being used in this case. The
vertical axis is in magnified scale to show the differences among the exposure groups.

Figure 5.45: Box-plots of Actual Exposure
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5.5

Relative Standard Deviation (RSD)

Relative standard deviation (RSD) is a useful tool to statistically inspect sets of data and is commonly used for scientific studies. RSD allows the variability of different measurements to be compared more meaningfully. For example, the MSHA derived an RSD that was used to establish the
single-shift ECV. This procedure considered instrument variability alone. The goal of this study is
to quantify variability associated with other factors, such as operator behavior, location, production,
etc., that cause day-to-day differences in dust exposure. Equation 5.2 defines the RSD.

RSD =

Standard Deviation
M ean

(5.2)

Table 5.14: Relative Standard Deviation (RSD)
Mine A

Mine B

Mine C

Combined Total

Sample Size

197

206

197

600

RSD

0.45

0.32

0.60

0.47
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Chapter 6
Discussion
A quantitative risk assessment is always beneficial in order to reduce the miners exposure to respirable coal dust. The amount of respirable dust exposure varies due to different factors prevailing
in the underground mine setting such as coal rank, respirable fraction, dust control program, etc.
There is a high variability in respirable dust exposure in terms of individual measurements across
the mines, and it is not easy to prescribe one single suggestion. Some observations that demonstrated
flow error, mass error, frequency change, etc., can easily hinder the assessment process.
The results from this study have a high degree of statistical precision because of the large number
of cases and dust exposure estimates based on a large number of populations. In this respect, the
results may be superior to results available from many other epidemiological studies. However, the
overall results are less reliable because the measurement of dust exposure was completely left upon
the miner operator where they might stay in less dusty areas than the coal faces, and results can be
different according to coal rank, mining method, size of the mine, age of the miners, etc.
The newly developed PDM is a real time dust monitoring device that has significant advantages
in comparison to the existing personal sampler, and difference in measurements was clear from their
linear regression plots. Because the development of CWP is a combination of several factors, i.e.
dust level, coal rank, age, etc., the dust exposure interacts in a non-linear manner. After plotting the
data, first it was recognized that the distribution was rightly skewed and non-normal. It was found
that the Johnson transformation of the lognormal family better characterized the data than other
known statistical distributions. Currently, averaging five measurements is the procedure to determine acceptability of dust level. In this study, both averaging and single shift sampling was applied,
which is reflected by determining the confidence bounds and exceedance fractions for three different sample sizes: one, five and ten. The proposed rule demands obtaining continuous measurements
to determine overexposure. If any end-of-shift measurement exceeds 1.13 mg/m3 , the employer
will get a citation. The miners need to wear the newly developed PDM throughout the shift, and
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according to the proposed rule they have to wear it 365 days. According to some experts, averaging
multiple measurements better represents dust conditions. Therefore, it is essential to analyze dust
variability and determine the variability for different sample sizes.
The results obtained from three mines were more or less different in terms of the variability
in dust exposure. The RSD is 0.45, 0.32 and 0.60 for Mine A, Mine B and Mine C respectively,
and the RSD for the total dataset is 0.47. For Mine A, there is a 5% possibility that dust exposure
will exceed 1.82, 1.29 and 1.18 mg/m3 for the one, five and ten measurements respectively. The
probability that dust exposure will exceed ECV is 34%, 18% and 10% for the one, five and ten
measurements respectively. The desired mean exposure is 0.625 mg/m3 where the 95% confidence
upper bound will be the ECV. For Mine B, the 95% confidence upper bound was 1.54, 1.21 and 1.14
mg/m3 for the one, five and ten measurements respectively. The probability that dust exposure will
exceed ECV is 31%, 14% and 6% for the one, five and ten measurements respectively. The desired
mean exposure was found to be 0.725 mg/m3 . For Mine C, the 95% confidence upper bound was
2.13, 1.31 and 1.17 mg/m3 for the one, five and ten measurements respectively. The probability
that dust exposure will exceed ECV is 32%, 15% and 7% for the one, five and ten measurements
respectively. The desired mean exposure is 0.53 mg/m3 for Mine C.
The analyses regarding the combined data of 600 measurements from the three mines were
conducted, where a mean of 1.00 mg/m3 and standard deviation of 0.47 mg/m3 were obtained after
standardizing the data. The 95% confidence upper bound in this case was 1.85, 1.29 and 1.17 mg/m3
for the sample size of one, five and ten respectively. Repeating the same process, the probability of
exceeding the ECV was found to be 34%, 17% and 9% for the same respective sample sizes. For the
combined data, the desired mean was found to be 0.60 mg/m3 if the employer does not want to get a
citation according to the proposed rule. The confidence bounds and exceedance fractions described
the variability in the exposure to respirable dust, and these variabilities with respect to sample size
are presented in figures 6.1 and 6.2 respectively. If the monitoring is not continuous then incidents
of overexposure might go undetected. According to the ANOVA (analysis of variance) test mean
exposure across the mines was different, and this was calculated without standardizing the data. The
dust exposure did not have a strong correlation with production rate (in tons).
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Figure 6.1: The confidence upper bound changes with sample size

Figure 6.2: The exceedance fraction changes with sample size
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In summary, it can be concluded that about one-third of measurements are expected to exceed
the ECV with a 95% confidence level. The confidence upper bound was found to be lowest for
Mine B, where the standard deviation was also the lowest. However, the confidence upper bound
can be much higher depending on the coal dust exposure variability. The probability of exceeding
the ECV for different sample sizes may provide a clear answer aiding in making a decision about
the exposure. The behavior of dust is similar in terms of exceedance fractions across the mines.
Moreover, the confidence upper bounds are close when the sample size is five and ten. Proposed
single shift sampling characterizes the variability in exposure more deeply, where the variability
is not apparent in upper bounds of the multiple shifts. The age of the miner can be related to
dust exposure because the prevalence of CWP was found to be more common among the older
miners. According to medical observations, the continued exposure to respirable dust leads to the
development of CWP. Therefore, the occurrence of diseases can be related to mean exposure unless
there is a far better reason to conclude otherwise. From table 5.7, the 95% confidence upper bound
for ten measurements is 1.17 mg/m3 for the combined data, and in regard to this the ECV for single
shift can be increased from 1.13 mg/m3 up to a certain number below 1.85 mg/m3 . In light of the
total variability in dust exposure, recommended exposure limit in terms of MSHAs terminology
ECV are developed, and in table 6.1 the ECV for different applicable standards is presented. The
methods applied to calculate revised, are accurate and reliable and can be applied in other settings
in similar types of occupational exposure study. This framework also presents the relative standard
deviation to compare the variability of exposure in each mine and in general. From stationary
samples MSHA calculated the RSD of the CPDM to be 0.078 when only considering instrument
variability. We found the RSD to be 0.47 for the 600 measurements from this study considering
overall variability.
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Table 6.1: Recommeded ECV (Excessive Concentration Volumes) values for Applicable Standards
Sample Size

1

1

5

10

Applicable
Standard

Proposed Rule
ECV mg/m3

Revised Rule
ECV mg/m3

Revised Rule
ECV mg/m3

Revised Rule
ECV mg/m3

2

2 .26

3.7

2.58

2.36

1.9

2.15

3.51

2.44

2.23

1.8

2.03

3.32

2.31

2.11

1.7

1.92

3.15

2.19

2

1.6

1.81

2.96

2.06

1.88

1.5

1.70

2.77

1.93

1.76

1.4

1.58

2.58

1.8

1.64

1.3

1.47

2.41

1.68

1.53

1.2

1.36

2.21

1.54

1.4

1.1

1.24

2.04

1.42

1.29

1

1.13

1.85

1.29

1.17

0.9

1.02

1.66

1.15

1.05

0.8

0.90

1.47

1.03

0.94

0.7

0.79

1.3

0.91

0.83

0.6

0.68

1.11

0.78

0.71

0.5

0.56

0.93

0.64

0.59

0.4

0.45

0.74

0.51

0.46

0.3

0.34

0.56

0.39

0.35

0.2

0.23

0.38

0.26

0.24
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Chapter 7
Conclusion and Future Work
An accurate assessment strategy for respirable coal mine dust exposure is essential in order to reduce or eliminate the occurrence of ”Black Lung”. However, associated costs and sampling errors
need to be considered to make it beneficial for all stakeholders (employees, employers, compliance
authority). The purpose of this study was to determine the miners exposure to dust from a large
population and apply the findings to analyze compliance standards. It also provided an estimate
of recommended mean exposure for a single shift sampling method as well as for sample sizes of
five and ten. The results are satisfactory and the recommended limits might be difficult to uphold
for a particular mine. The proposed standard was heavily emphasized as it focuses on streamlining
the sampling process and reducing the exposure limit. The dust exposure measurements showed
high variability due to mining conditions at different periods of time and locations. MSHA considered instrument variability only to calculate ECV, which can lead to cases where excessive levels of
dust go undetected or excessive levels are falsely reported. The modified ECV table was developed
considering overall in-mine variability. The newly developed PDM is very helpful to detect any
overexposure, and the miner can do it by himself and take necessary actions. This study characterized the data with Johnson transformation, and the findings can be used to determine exposure limits
and statistical parameters. Apart from this, the miner operator should have a computed tomography
(CT) scan of the chest on a regular schedule to detect early stages of CWP.
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Chapter 8
Glossary
Aerodynamic Diameter (AED): The diameter of a sphere with a density of 1 g/cm3 and with the
same stopping time as the particle. Particles of a given aerodynamic diameter move within the air
spaces of the respiratory system identically, regardless of density or shape.
Coal Workers’ Pneumoconiosis (CWP): A chronic dust disease of the lung arising from
employment in a coal mine. In workers who are or have been exposed to coal mine dust, diagnosis
is based on the radiographic classification of the size, shape, profusion, and extent of parenchymal
opacities.
Continuous Personal Dust Monitor (CPDM): The newly developed dust measuring device by
Thermofisher Scientific.
Coal Mine Dust Personal Sampler Unit (CMDPSU): A personal sampling device being used since
1969 Mine Act.
Excessive Concentration Volume (ECV): A 95% confidence limit for the applicable standard of
single shift measurement.
International Standardization Organization (ISO): ISO International Standards ensure that products
and services are safe, reliable and of good quality for business.
Mine Safety and Health Administration (MSHA): US government mine safety branch includes
information and links about regulations, current safety initiatives, accident investigations,
equipment alerts, training, etc.
National Institute of Occupational Safety and Health (NIOSH): National institute charged with the
provision of training, consultation and information in the area of occupational safety and health.
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APPENDIX
A.1

Dust Exposure Data

Table A.1.1: Dust Exposure Data from Three Mines
Mine-A

Mine-B

Mine-C

0.36

0.51

0.95

0.43

0.92

0.09

0.38

0.95

0.34

0.76

0.96

0.61

1.25

0.64

0.68

0.73

0.86

1.14

0.79

0.62

1.32

1.22

0.92

1.01

0.86

0.67

0.24

1.08

0.60

0.62

0.45

0.72

0.53

1.28

0.67

0.22

0.99

0.49

0.17

1.21

0.74

0.38

1.55

0.80

0.65

1.00

0.93

0.44

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

0.77

0.67

0.99

0.49

0.73

1.47

0.57

0.55

0.94

0.58

0.70

1.17

1.25

0.93

0.99

0.89

1.07

0.73

0.94

1.15

0.60

1.00

0.99

0.59

0.54

1.18

0.41

0.88

0.80

0.63

0.58

0.76

0.76

1.00

0.84

1.09

1.52

0.79

0.34

1.66

0.87

0.51

1.29

0.56

0.66

1.63

0.80

0.60

1.45

0.72

3.50

2.13

0.53

1.52

0.19

0.64

2.49

0.86

0.75

1.26

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

1.32

0.79

1.02

1.44

0.84

1.02

0.40

0.81

1.51

0.79

0.76

2.89

1.63

0.82

1.80

1.27

0.92

1.47

1.87

1.01

0.99

0.89

0.98

0.43

0.92

0.99

0.81

0.81

1.24

0.51

0.48

1.06

1.52

0.80

1.16

1.09

1.96

1.53

2.28

1.39

1.15

2.72

1.23

0.98

1.63

0.72

1.37

0.66

0.52

1.21

1.29

0.40

1.06

0.96

1.00

1.09

0.84

0.29

1.48

0.71

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

1.66

0.56

0.79

0.85

0.81

0.66

1.31

0.50

0.46

0.73

0.77

1.15

1.12

0.90

0.87

0.52

0.72

0.40

0.87

0.47

0.84

1.23

0.84

0.50

1.55

0.64

1.76

1.03

1.01

0.41

0.87

0.92

2.02

1.63

1.04

0.68

1.14

0.68

0.95

1.82

1.33

0.54

1.23

0.99

0.57

1.15

0.76

1.00

1.09

0.36

1.25

0.73

1.07

0.57

0.76

1.10

1.06

0.37

0.53

0.70

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

1.19

1.22

0.84

0.58

0.97

0.67

0.68

0.88

1.67

0.67

0.71

0.80

0.95

0.93

1.24

1.36

1.04

0.89

0.56

1.19

0.63

1.42

1.01

0.89

1.72

1.15

1.25

0.78

1.02

1.00

1.00

1.28

1.07

0.72

1.33

0.88

0.91

1.01

0.52

0.85

1.60

0.70

1.06

1.33

1.63

0.55

0.87

0.98

0.40

0.67

0.88

0.69

1.47

1.15

1.27

1.08

0.26

0.48

0.97

0.49

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

2.34

1.71

0.53

0.91

1.47

0.66

1.13

1.59

0.83

0.85

2.24

1.38

0.84

1.47

1.43

0.58

1.47

2.66

0.15

1.96

1.84

1.09

1.79

1.75

0.65

1.44

1.73

1.12

1.00

0.86

0.64

1.18

1.50

1.21

0.88

0.92

1.57

1.19

1.93

1.01

0.99

1.35

0.74

0.98

1.88

1.73

0.81

2.19

0.53

1.27

1.12

0.63

1.19

2.15

0.52

1.12

0.38

0.86

1.18

0.83

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

0.61

1.27

0.77

1.52

1.44

0.86

1.18

1.44

0.31

0.72

1.04

0.93

0.54

0.88

0.34

0.62

0.95

1.12

0.68

1.33

1.69

0.22

1.51

1.82

1.53

1.20

2.80

1.17

1.56

0.34

0.67

1.48

1.67

0.84

1.25

0.41

0.47

1.13

0.94

0.87

0.94

0.30

0.63

0.70

1.04

0.85

0.97

0.86

0.76

0.72

0.68

1.55

0.86

1.20

1.93

0.14

3.07

1.47

1.15

0.86

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

1.47

1.14

2.00

0.57

1.01

2.06

0.62

0.94

2.62

1.18

0.93

1.13

1.92

1.48

1.52

0.69

1.33

0.91

0.11

1.30

1.16

0.37

0.66

0.51

0.55

1.09

0.65

1.84

0.93

0.75

0.24

1.27

0.86

0.73

1.39

0.69

1.60

1.12

1.14

1.24

1.47

0.79

1.74

1.38

0.43

0.44

1.48

0.70

0.83

1.31

0.30

0.31

0.61

0.52

0.38

0.67

1.27

0.48

0.92

0.79

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

0.82

0.33

0.63

1.29

0.61

0.96

1.36

0.61

1.19

0.66

0.41

1.70

0.88

0.47

0.51

0.97

0.51

0.53

1.14

0.71

0.42

0.77

0.84

0.76

0.82

1.29

1.06

2.04

1.01

0.97

0.92

1.42

1.42

1.06

0.84

2.32

0.83

1.29

0.70

1.13

1.27

1.09

1.09

0.82

0.42

0.82

1.12

0.67

0.78

1.39

0.56

1.18

0.86

0.74

0.59

1.24

1.28

1.49

0.97

0.29

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

1.23

1.28

0.47

1.55

0.87

0.56

1.67

0.70

0.74

0.66

0.74

0.62

1.38

1.79

0.60

0.97

0.81

0.47

1.33

0.96

0.42

0.86

0.80

0.77

1.77

0.95

0.28

1.02

1.13

0.94

1.81

0.98

0.82

0.91

0.95

0.92

1.01

0.89

0.68

1.38

1.24

0.60

2.27

0.82

0.61

0.98

0.73

1.41

0.65

0.96

1.07

1.36

1.39

1.13

1.24

0.62

0.83

1.05

0.91

1.45

Continued on next page
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Table A.1.1 – Continued from previous page
Mine-A

Mine-B

Mine-C

1.97

0.47

0.58

1.05
1.10
1.15
1.02
0.82
1.33
0.91
1.24
1.11

A.2

Calculation of Confidence Bounds and Exceedance Fractions

The calculation is accompanied by Excel Solver and the Johnson transformation. The calculation
for three mines and combined data are presented in this section.

A.3
A.3.1

Mine A
Confidence Bounds

Confidence upper bound is give by µ + Z0.95 √σn
n=1; Confidence Bound = 0 + 1.645 ×

√1
n

= 1.645

n=5; Confidence Bound = 0 + 1.645 ×

√1
n

= 0.74

n=10; Confidence Bound = 0 + 1.645 ×

√1
n

= 0.525
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Real Exposure, X = θ + σe

Z−γ
δ

Table A.3.1: Calculation of Confidence Bounds using Johnson Transformation: Mine A

A.3.2

Shape γ

Shape δ

Location θ

Scale σ

-2.23

4.02

-0.8

1

Z

X

X

Z

1.64

1.82

1.13

0.413

0.74

1.29

0.525

1.18

Exceedance Fractions

n=1; µ + Z √σn = 0.41; Z = 0.41
Probability of Exceeding 1.13 mg/m3 (0.41) = P (Z>0.41) = 1 - P(Z<0.41) = 1- 0.66 = 0.34
n=5; µ + Z √σn = 0.41; Z = 0.91
Probability of Exceeding 1.13 mg/m3 (0.91) = P(Z> 0.91) = 1 -P (Z < 0.91) = 1- 0.82 = 0.18
n = 10; µ + Z √σn = 0.41; Z = 1.28
Probability of Exceeding 1.13 mg/m3 (1.28) = P(Z> 1.28) = 1 -P (Z < 1.28) = 1- 0.9 = 0.10

A.4
A.4.1

Mine B
Confidence Bounds

Confidence upper bound is give by µ + Z0.95 √σn
n=1; Confidence Bound = 0 + 1.645 ×

√1
n

= 1.645

n=5; Confidence Bound = 0 + 1.645 ×

√1
n

= 0.74

n=10; Confidence Bound = 0 + 1.645 ×
Real Exposure, X = θ + σe
A.4.2

√1
n

= 0.525

Z−γ
δ

Exceedance Fractions

n=1; µ + Z √σn = 0.496; Z = 0.496
Probability of Exceeding 1.13 mg/m3 (0.496) = P (Z>0.496) = 1 - P(Z<0.496) = 1- 0.69 = 0.31
n=5; µ + Z √σn = 0.496; Z = 1.11
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Table A.4.1: Calculation of Confidence Bounds using Johnson Transformation: Mine B
Shape γ

Shape δ

Location θ

Scale σ

-6.5

7.57

-1.39

1

Z

X

X

Z

1.64

1.54

1.13

0.496

0.74

1.21

0.525

1.14

Probability of Exceeding 1.13 mg/m3 (1.11) = P(Z> 1.11) = 1 -P (Z < 1.11) = 1- 0.86 = 0.14
n = 10; µ + Z √σn = 0.496; Z = 1.56
Probability of Exceeding 1.13 mg/m3 (1.56) = P(Z> 1.56) = 1 -P (Z < 1.56) = 1- 0.94 = 0.06

A.5
A.5.1

Mine C
Confidence Bounds

Confidence upper bound is give by µ + Z0.95 √σn
n=1; Confidence Bound = 0 + 1.645 ×

√1
n

= 1.645

n=5; Confidence Bound = 0 + 1.645 ×

√1
n

= 0.74

n=10; Confidence Bound = 0 + 1.645 ×
Real Exposure, X = θ + σe

√1
n

= 0.525

Z−γ
δ

Table A.5.1: Calculation of Confidence Bounds using Johnson Transformation: Mine C

A.5.2

Shape γ

Shape δ

Location θ

Scale σ

0.05

1.97

-0.11

1

Z

X

X

Z

1.64

2.13

1.13

0.474

0.74

1.31

0.525

1.17

Exceedance Fractions

n=1; µ + Z √σn = 0.47; Z = 0.47
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Probability of Exceeding 1.13 mg/m3 (0.47) = P (Z>0.47) = 1 - P(Z<0.47) = 1- 0.68 = 0.32
n=5; µ + Z √σn = 0.47; Z = 1.04
Probability of Exceeding 1.13 mg/m3 (1.11) = P(Z> 1.04) = 1 - P (Z < 1.04) = 1- 0.85 = 0.15
n = 10; µ + Z √σn = 0.47; Z = 1.47
Probability of Exceeding 1.13 mg/m3 (1.47) = P(Z> 1.47) = 1 -P (Z < 1.47) = 1- 0.93 = 0.07

A.6
A.6.1

Combined Data
Confidence Bounds

Confidence upper bound is give by µ + Z0.95 √σn
n=1; Confidence Bound = 0 + 1.645 ×

√1
n

= 1.645

n=5; Confidence Bound = 0 + 1.645 ×

√1
n

= 0.74

n=10; Confidence Bound = 0 + 1.645 ×
Real Exposure, X = θ + σe

√1
n

= 0.525

Z−γ
δ

Table A.6.1: Calculation of Confidence Bounds using Johnson Transformation: Combined Data

A.6.2

Shape γ

Shape δ

Location θ

Scale σ

-0.957

3.173

-0.42

1

Z

X

X

Z

1.64

1.85

1.13

0.43

0.74

1.28

0.525

1.17

Exceedance Fractions

n=1; µ + Z √σn = 0.43; Z = 0.43
Probability of Exceeding 1.13 mg/m3 (0.43) = P (Z>0.43) = 1 - P(Z<0.43) = 1- 0.66 = 0.32
n=5; µ + Z √σn = 0.43; Z = 0.95
Probability of Exceeding 1.13 mg/m3 (0.95) = P(Z> 0.95) = 1 - P (Z < 0.95) = 1- 0.83 = 0.17
n =10; µ + Z √σn = 0.43; Z = 1.34
Probability of Exceeding 1.13 mg/m3 (1.34) = P(Z> 1.34) = 1- P (Z < 1.34) = 1- 0.91 = 0.09
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